In the present study, the enzymatic mechanism of ERK2 is re-examined by a combination of steady-state kinetic studies in the absence and presence of viscosogenic agents. Kinetic studies carried out in various concentrations of sucrose revealed that both cat k and m cat K k / for either ATP or EtsΔ138 were highly sensitive to solvent viscosity, suggesting that the rapid-equilibrium assumption is not valid for the phosphorylation of protein substrate by ERK2. Furthermore, the kinetic analysis with the minimal random bi-bi reaction mechanism is shown to be inconsistence with the principle of the detailed balance. This inconsistent calculation strongly suggests that there is isomerization of the enzyme-substrate ternary complex. The viscosity-dependent steady-state kinetic data are combined to establish a kinetic mechanism for the ERK2-catalyzed reaction that predicts initial reaction velocities under varying concentrations of ATP and substrate. These results complement previous structure-function studies of MAPKs and provide important insight for mechanistic interpretation of the kinase functions.
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The mitogen-activated protein kinases (MAP kinases) play a central role in signaling pathways in response to extracellular stimuli such as growth factors, cytokines, and various forms of environmental stress. The MAP kinase family comprises the ERK, JNK, and p38 subfamilies of kinases. All participate in three tier protein phosphorylation cascades that serve to mediate diverse cellular processes. MAP kinase cascades are conserved in organisms ranging from yeast to human. A typical MAP kinase cascade consists of at least three kinases, a MAP kinase, a MAP kinase/ERK kinase (MEK) that activates the MAP kinase, and a MEK kinase (MEKK) that activates the MEK. Although ERKs respond robustly to growth factors and certain hormones, JNK kinases and p38 kinases react primarily to cytokines and stress stimuli. After activation, each MAP kinase phosphorylates a distinct spectrum of substrates, which include key regulatory enzymes, cytoskeletal proteins, nuclear receptors, regulators of apoptosis, and many transcription factors. Such an array of substrates is consistent with the observation that MAP kinases are involved in many critical cell functions (1) (2) (3) (4) .
Because of their central role in signal transduction, the regulation and function of MAP kinases has been the subject of intense interest since their discovery. The prototypic member of the MAP kinase family is the extra-cellular-regulated kinase 2 (ERK2). As a result, abundant molecular biological, biochemical, and structural information has accured on ERK2. Like all MAP kinases, ERK2 catalyzes the transfer of the γ-phosphate of ATP to serine or threonine residues that precede proline (5) . While this specificity is critical, further specificity is thought to be conferred through substrate docking domains where interactions are made between ERK2 and the substrate at sites on the enzyme that can lie a considerable distance from the active site (6, 7) . Although progress in identifying these sequences and demonstrating their involvement in mediating specificity has advanced our knowledge considerably, precisely how they contribute to regulation and catalysis is still unclear.
The mechanism of ERK2-catalyzed reaction has been elucidated by initial velocity and product inhibition studies (8) . The substrate used in this study was EtsΔ138, a model protein substrate derived from the N-terminal of Ets-1, which is currently the most thoroughly characterized protein substrate of ERK2. As shown by Seidel and Graves (7), it is an excellent surrogate for the full-length protein. In the presence of MgATP 2-and excess Mg 2+ , ERK2 phosphorylates EtsΔ138 exclusively on Thr-38 to a stoichiometry of 1 mol/mol. The kinetic dependence on substrate concentration and product inhibition patterns was consistent with a rapid-equilibrium random-order ternary complex mechanism. Although product inhibition data are not definitive evidence for a rapid-equilibrium mechanism, the approximation of steady-state data to a rapid equilibrium model suggests that the dissociation rate constants from the ternary complex for both substrates must be of greater magnitude than the catalytic constant. On the other hand, Prowse et al. (9) k − >> 3 k ), followed by phosphoryl group transfer which is slow in comparison to the release of products. This is in contrast to kinetic mechanism established for the phosphorylation of EtsΔ138 by ERK2, in which the dissociation rate constants of EtsΔ138, 2 k − , is of similar magnitude to the catalytic constant, 3 k . Furthermore, as ATP binds deep within the active site cleft of protein kinases (10) , it is conceivable that such binding is prevented when protein substrate is bound. Since the rapid equilibrium ordered mechanism with EB and EP abortive complexes is distinguishable by initial velocity and product inhibition studies from the random addition case, further studies are required to address this point (11) .
In the present study, the enzymatic mechanism of ERK2 is re-examined by a combination of steady-state kinetic studies in the absence and presence of viscosogenic agents. Our results showed that (1) the reaction pathway for the turnover of transcription factor EtsΔ138 occurs through two partially rate-limiting steps, one step correlates with phosphorylation of EtsΔ138 on the enzyme and the second step is related to product release; (2) the dissociation rate constant of EtsΔ138 is much less than the catalytic constant, and therefore the rapid-equilibrium assumption is not valid for the phosphorylation of EtsΔ138 by ERK2; (3) the kinetic analysis with the minimal steady-state random mechanism was shown to be inconsistence with the principle of the detailed balance, suggesting that there is isomerization of the enzyme-substrate ternary complex. These results complement previous structure-function studies of MAPKs and provide important insight for mechanistic interpretation of the kinase functions.
EXPERIMENTAL PROCEDURES

Materials.
Adenosine 5'-triphosphate (ATP), phospho(enol)pyruvate (PEP), nicotinamide adenine dinucleotide, reduced (NADH), lactate dehydrogenase (LDH), and pyruvate kinase (PK), were purchased from Sigma. Sucrose was purchased from Gibco-BRL. 3-(N-morpholino)propanesulfonic acid (MOPS) was purchased from Boehringer Mannheim. Other reagents were local products of analytical grade used without further purification. Double-deionized water was used throughout.
Expression and Purification of Proteins.
The plasmid pET-His 6 -ERK2-MEK1(R4F) (a generous gift of Dr. Melanie Cobb) was used to co-express a constitutively active MEK1 and an N-terminal His 6 -tagged ERK2 in E. coli BL21(DE3). The expression and purification of bisphosphorylated ERK2 were carried out following the procedure described by Wilsbacher and Cobb (12) . After the final FPLC step, about 3 mg of ERK2/pTpY were obtained from 6 liters of culture. Electrospray ionization mass spectrometry analysis confirmed that the purified ERK2/pTpY was effectively homogenous and was phosphorylated stoichiometrically to a ratio of 2 mol of phosphate per mole of ERK2. Plasmid used to express Ets-1 (1-138) has been reported previously. The N-terminal His 6 -tagged Ets-1 (EtsΔ138) was expressed in E. coli BL21(DE3) and purified using standard procedures of nickel chelate affinity chromatography (13) . The protein purity was over 90% as judged by SDS-PAGE. The purified proteins were made to 20% glycerol and stored at -80°C.
Enzyme Assays for ERK2. Enzyme activity of ERK2 was determined with the EtsΔ138 as a substrate using a coupled spectrophotometric assay (14) . The standard assay for ERK2 was carried out at 30°C in 1.8 mL reaction mixture containing 100 mM MOPS buffer, pH 7.0, 200 mM NaCl, 20 mM MgCl 2 , 200 μM NADH, 1 mM PEP, 18 units/mL LDH, and 7.5 units/mL PK, and different concentrations of substrates. Reactions were initiated by the addition of ERK2 to the reaction mixture. Progress of the reaction was monitored continuously by following the formation of NAD + at 340 nm, on a PerkinElmer Lambda 45 spectrophotometer equipped with a magnetic stirrer in the cuvette holder. The concentrations of ADP formed in ERK2-catalyzed reaction were determined using an extinction coefficient for NADH of 6220 cm -1 M -1 at 340 nm. The concentration of ERK2 was determined spectrophotometrically based on an extinction coefficient (ε = 44,825 cm -1 M -1 ) calculated from its primary amino acid sequence and verified by the method of Bradford with bovine serum albumin (BSA) as a standard. The concentration of EtsΔ138 was determined by turnover with the enzyme under conditions of limiting EtsΔ138 at a fixed low concentration of ATP (17.5 μM).
Solvent Viscosometric Studies. Steady-state assays were carried out as described above in buffer containing varied sucrose, corresponding to relative solvent viscosities varying between 1 and 2.92. The relative solvent viscosities (η rel ) was determined from the equation:
where η rel is the solvent viscosity relative to the buffer containing no viscosogen, t is the solvent transit time measured by an Ostwald capillary viscometer, and ρ is the solvent specific gravity (15) . Superscript '0' indicates conditions of the buffer with no viscosogen.
RESULTS
Effects of Viscosogens on the Steady-State Kinetic Parameters
Scheme 1 describes the minimal kinetic mechanism for an enzyme-catalyzed two-substrate, two-product reaction Scheme 1 where 3 k is the rate constant for the functional group transfer step and 4 k the rate constant for products release, E represents enzyme, and A and B represent ATP and the protein substrate, respectively. When the concentration of one substrate is infinite, the enzyme can be treated as 'one-substrate' enzyme for kinetic purposes, and the steady-state rate equation at saturating A can be written as 2 0 0
where
Combining eqns. (3) and (4), we obtain 2 3
Since 2 k , 2 k − , and 4 k are presumed to represent diffusion controlled processes, these rate constants will be dependent on the relative viscosity of the solvent. A comprehensive explanation of the use of solvent viscosogens in enzymatic analysis is presented in Gutfreund (16) , and its application to protein kinases is reviewed in Adams (17) . The relative solution viscosity (η rel ) can be equated to the ratio of the microscopic rate constants k are the dissociation rate constants of substrate and product, respectively, when η rel = 1. By taking separately the ratio of equations (3) and (5) ( )
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Saturating ATP and Varying EtsΔ138
Concentrations.
To characterize the steady-state kinetic properties of ERK2, the kinase activity of ERK2 were measured by following ADP formation using an enzyme-coupled spectrophotometric assay. All initial velocity studies were carried out using a continuous assay in which the linearity of the initial portion of the reaction profile was carefully monitored. Since the spontaneous ATP hydrolysis by ERK2 occurs in parallel to the phosphorylation reaction, the assays were corrected for the ATPase effect which is taken as the observed absorption changes in the absence of EtsΔ138. We first attempted to define the diffusion-controlled steps in the catalytic reaction of ERK2 by examining the steady-state phosphorylation of EtsΔ138 in the presence of sucrose. Initial velocity data were collected under conditions of saturating ATP (2.5 mM), varied EtsΔ138, and varied relative solvent viscosities ranging from 1-2.92. When the initial velocity data were plotted versus EtsΔ138 concentrations, typical Michaelis-Menten behavior was observed in the absence and presence of the viscosogen. Figure 1 shows 
15 sec -1 . The corresponding association rate constant can then be calculated as
Saturating EtsΔ138 and Varying ATP concentrations.
We next tested the effect of increased solvent viscosity on the catalytic reaction mechanism when the concentration of ATP was varied and the amount of EtsΔ138 was fixed. The effect of increasing solvent viscosity on the steady-state kinetic parameters for the phosphorylation of EtsΔ138 by ERK2 is shown in Figure 2 
.54 sec -1 , respectively. Note that the full or partial viscosity effects on m cat K k / indicate that the dissociation rates of ATP and EtsΔ138 from the E-ATP-EtsΔ138 complex are not much faster than the phosphoryl group transfer of ATP to the EtsΔ138. Thus, the ERK2-catalyzed reaction has a random, but not truly rapid equilibrium random mechanism.
Steady-state kinetics of the ERK2-catalyzed
EtsΔ138 phosphorylation reaction.
To analyze the kinetic mechanism of ERK2 catalyzed reaction further, 12 data sets of initial velocities were obtained over a wide range of ATP and EtsΔ138 concentrations. Figure 3 shows double reciprocal plots of the initial velocity versus either EtsΔ138 or ATP concentrations (for clarity, only 6 data sets are shown). It can be seen from Figure 3 that the Lineweaver-Burk plots were linear and displayed a non-parallel pattern of intersecting lines. Thus, a ping-pong mechanism (where a parallel line pattern is characteristic) can be excluded from such analysis. As mentioned above, the simplest explanation for the kinetic observation is the random Bi Bi mechanism. It is therefore reasonable to start the analysis of our experimental data with this mechanism first. The exact steady-state rate equation for the general sequential mechanism is too complicated for practical use. As pointed by Dalziel (18) 
It is important to confirm that this principle is obeyed whenever reaction cycles are present. Obviously, our kinetic analysis is inconsistent with the principles of detailed balance, and thus, the calculation of rate constants is invalid. Thus, the minimal random mechanism is not applicable to our experimental data. These inconsistent calculations strongly suggest that there is isomerization of the ERK2-EtsΔ138 complex.
Kinetic analysis with an iso random Bi Bi mechanism.
The steady-state kinetic data and the effects of solvent viscosity on the phosphorylation of EtsΔ138 can be combined to outline a complete kinetic mechanism for the ERK2-catalyzed reaction.
Scheme 2 Scheme 2 describes the sequential step processing of ATP and EtsΔ138 under all substrate concentrations. The steady-state rate equation at saturating A is given by 
Applying the same viscosity constraints as for eqns. (14) and (16) 
The slopes of the viscosity-dependent steady-state kinetic parameters are given by
Similarly, from the value of 
(28) To determine the values of other kinetic parameters in Scheme 2, the data sets of initial velocities shown in Figure 3 must be re-analyzed according to the rate equation derived from this model. The minimum assumption that needs to be made in order to obtain a velocity equation without squared terms is that the reactions forming the EA and EB complexes are at equilibrium. The method of Cha can then be used to solve for the concentrations of various enzyme species (21) . The resulting expression for the initial rate of reaction as a function of the concentrations of substrates is given by
The required microscopic reversibility condition for Scheme 2 is then given by
Therefore, by substituting eqns. (26), (27), (28) and (30) into (29) and treating the parameters,
k and c k as fixed constants, all data (12 data sets) were simultaneously analyzed with eqn.(29). The resulting family of curves shown in Figure 3 represents a best-fit of the model to all data points simultaneously constrained, from which the kinetic parameters were determined to be (28) and (30). All kinetic parameters for the mechanism of Scheme 2 are listed in Table 1 .
It should be indicated that the isomerization step invoked in the reaction pathway of binding the peptide substrate first could be either before (in the binary complex) or after (in the ternary complex) ATP binding. 
DISCUSSION
The sequential random two-substrate mechanism is of great importance in enzyme kinetics and has been discussed by several authors (18, 22, 23 always yield non-linear Lineweaver-Burk plots, and a large number of two-substrate enzyme systems have been claimed to operate by a compulsory order or a rapid equilibrium mechanism merely because they obey a hyperbolic type of rate equation. Some years ago, Pettersson has carried out detailed theoretical studies on random-order steady-state systems and has shown that the degree to which reciprocal plots deviate from linearity in systems which obey a steady-state random-order mechanism will depend on the values of individual rate constants relative to the concentrations of the two substrates (23) . At relatively low substrate concentrations, linear Lineweaver-Burk relationships will always be obtained. Gulbinsky and Cleland have also shown by computer simulation studies of the random-order two-substrate mechanism that the initial velocity patterns did not deviate significantly from linearity under some circumstances in which equilibrium conditions did not apply (24) .
The present investigation confirmed experimentally that although the dissociation rate for EtsΔ138 ( 2 k − ) are 10-fold slower than that for the phosphoryl group transfer step ( 3 k ) and therefore the rapid-equilibrium assumption is not valid, linear Lineweaver-Burk relationships were indeed observed when the kinetic data of ERK2-catalyzed reaction were plotted in the traditional double-reciprocal forms.
A thorough understanding of the mechanism of protein phosphorylation catalyzed by protein kinases requires the unambiguous identification of individual kinetic steps comprising the catalytic pathway. In this report we have deduced from the studies of initial velocity and viscosity that ERK2 conforms to an iso random mechanism for the phosphorylation of EtsΔ138. All rate constant values to each step in the overall kinetic mechanism for the phosphorylation of EtsΔ138 have been determined from steady-state kinetic data. The concentration of ATP in mammalian cells is about 1 mM, which is 10-fold higher than the dissociation constant for ATP and the free enzyme, K A (25) . Thus, although the mechanism is formally random sequential, there is a preferred binding order under limiting amounts of protein substrate with ATP binding first since 1mM ATP is capable of trapping 90% of the free enzyme. However, at higher protein substrate concentrations (say 10 fold higher than K B ), binding of the protein substrate as the first substrate is physiological relevant, and ATP binds to form an unproductive enzyme-substrate conformer that can reversibly coverts to productive ternary complex.
Currently, the molecular details of ERK2-substrate interactions remain unclear, although there is a large body of evidence suggesting that ERK2 facilitates substrate recognition, at least in part, though interactions that are discrete from those at the active site (6) . Since the three-dimensional structure of ERK2 cocrystallized with a protein substrate, or substrate analogue, has not been solved, there is little mechanistic information available to ultimately correlate the structural data with the substrate recognition properties of this enzyme. Some years ago, Adams and Taylor proposed a similar kinetic mechanism for the catalytic subunit of cAPK (26) . The X-ray crystal structure of the binary enzyme/peptide complex of the catalytic subunit of cAPK indicates that ATP binds deep within the active site groove with peptide directly lining the periphery. Therefore, they concluded that ATP prebinding directs the productive association of substrate, and in the presence of a large substrate pool, bound peptide substrate adjusts its conformation upon ATP binding to position the γ phosphate for delivery. It is likely that ERK2 has properties similar to those of the catalytic subunit of cAPK. 
